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si ABSTRACT

Hydrogen induced cracks have been identified in the weld metal of cast
armor steel weldments fabricated with austenitic electrodes. Cracks propagated
through a well defined band of martensite located between the fusion boundary
and the composite region of the weld metal. Martensite band formation was
found to result from the combined effects of vigorous hydrodynamic forces,
especially in large molten weld pools, and the interdiffusion of alloying ele-
ments in that system formed between the base metal and the weld metal. Methods
of controlling this form of cracking include limiting base metal dilutionm,
minimizing the concentration of available hydrogen in the welding arc atmos-
phere, or the selection of more suitable ferritic filler alloys.

Accession Por

NTIS GRA&I
DTIC TAB
Unamnounced 0

Justirioation—-_..__.

By. , e
Distributions ’
Avai;q?;lity Codes
_JAvatl and/op
- =1Diat Special

e
et

o:"‘h“—‘w

e UNCLASSIFIED
sloum e Ch .lﬂ‘l‘.hﬂ. S il P all Lilian Qo "a“.“.“




BACKGROUND-

The work reported here was performed as part of a failure analysis of M60 tank
tow lug weldments and was sponsored by the Program Manager-M60 tanks.

INTRODUCTION

Austenitic filler materials are often used to join high hardenability armor
steels. The malin reason for their selection over ferritie filler alloys has tradi-
tionally been that they provide a deterrent to hydrogen induced cracking (HIC) in
applications where preheat or post weld heat treatment would be impraciical or cost
prohibitive or when excessive arc atmosphere contamination would be unavoidable.
Examples of such applications include the field repair or appurtenance welding of
thick walled ballistic structures.

Aystenitic weld metals have a higher solubility for hydrogen than ferritic weld '

metals or heat affected zones (HAZs). Hydrogen iu crack sensitive martensitic HAZs
is, therefore, able to escape at a faster rate than it is replenished by hydrogen
from austenitic weld deposits. This results in a lower hydrogen conceutration in
martensitic HAZs, and this veduces the tendency to initiate HIC.

The lower yleld strengths of austenitic filler alloys is also belleved to
contribute to their reduced tendency to form hydrogen induced cracks. This is
mainly due to the relief of HA% Eestdual stregses that result from localized plastie
deformation in the weld metal.

Typically, cracks in armor weldments fabricated with austenitic electrodes are
- found in the weld metal oriented transverse to the weld axis. Similarly, hydrogen
induced cracks in armor weldments fabricated with ferritic filler materials are

typically found in the HAZ parallel to the weld axis, Flgure 1.  Cracks in armor

- weldments fabricated with austenitic electrodes, located in the weld metal but

- oriented parallel to the weld axis and away from the weld centerline, have not,

' however. been previously documented. . _

, The occurrence of hydrogen induced cracks in the intermediate zone of armor
steel weldments fabricated with austenitic electrodes will he discussed in this
veport. The term "intermediate zone" refers to parts of the cowposite ragion of the
. weld as well as the partiallysmelced zone, the unmixed zone, and the weld interface,
a8, defined hy Baealack et al. (Figure 2).

EXPERIMENTAL

1 Shielded wetal arc walded appurtenances, Fabricaced with type 307 austenitic
"gtainless steel electrodes, were removed from M60 tank hulls, The chesmical coaposi-

tions of the weld matal and base metal ave shown in Table 1. The coumposition of the

base metal was consisteat with that of cast armor steel (MIL-A-11356).
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Table 1. CHEMICAL COMPOSITIONS OF WELD METAL AND BASE METAL

¢ Mn $i Cr Ni Mo S p
Weld Metal 0.1 3.9 0.4 20.0 9.5 0.9 0.03 0.026
Base Metal 0.25 1.16 0.53 1.02 1.01 0.42 0.019 0.016

All welds were inspected for cracks by visual and liquid penetrant techniques.
Cracks were sectioned and prepared for metallographic examination. A 50% glycerine,
30% hydrochloric acid, 20% nitric acid etchant was used to define both weld metal
and HAZ microstructures. Hardness traverses were taken from polished and etched
specimens. Fracture surfaces were examined in an SEM,

RESULTS

Metallography revealed cracks located in the weld metal adjacent to the fusion
boundary on both sides of welded joints. Figure 3 shows one such cracke All cracks
propagated through a continuous band of martensite at or adjacent to the fusion
boundary (Figures 4 and 5)s This martensite band ranged in width from 10-140 ym,
and in some locations was completely divorced from the fusion boundary by a thin
layer of austenitic weld metal (Figure 5). No cracks were found in areas where this
band was discountinuous or nonexistent (Figures 6 and 7).

A hardness traverse was taken across weld fusion boundaries. Knoop hardness
data were taken through the weld metal, the fusion boundary, the HAZ, and into the
unaffected base wetal. This data is presented in Figure 8, The martensitic phase
through which the cracks propagated had a hardness of approximately 420 KHN, which

- -1g significantly higher than that of the weld metal (225 RHN), HAZ (320 KHN) and
- unaffected base metal (280 KHN).

SEM examination of the fractured surface revealed a mixed mode, intecgranular-
transgranular €racture path, This s characteristic of hydrogen Lnduced cracks that
A'propagace at low stress intensity levels.

uxscussxun

The hydeogen iaduced cracks observed resulted from the presence of a suscep-

tible microstructure (i.e., martensite) in a “hydrogen charged cesccvolc" (austen-

- ‘ite)s Thie cvacking phenomenon has not been widely documented in the open litera-
T Luro. o = ’

Several 1nvasttgahors“'s have studied the forwatfon of martensite at the weld
fuston boundary. This wactensite formacion 18 belleved to be due to the tnterdif-
fusion of alloying elesonts in that system between the base metal and the veld
wetal. Xinetics alone, howaver, fall short of explataing wavcensite formations in

bands adjacent to, but divorced frow, the fusion boundary (Figurve 5). Figure 9
‘shows an example of a wartensite band extending a velatively large distance fato the
" weld metal aloang the fusion boundary of successive wold passes. A wore cogplete

Q- ORNATH, E., SOURDRY, ). WEISS. .2, and MINKOEE. 1. Weld $oad Swgrciation Daring the Welding of Low Alloy Stecly With Aduilens
ity Blecrrates. Weldiag Jounnmial, v, 61, no. 1), Novewiber 198).
M'AH L, A8, Mﬂallumr of w‘u.«,. Gooige Allen amd Unwin, Lavnlon, 1980,




"explanation for the observed martensite band formation is that, in addition to
-kinetics, hydrodynamic forces play a major role. These forces are sufficient,
‘especially in large molten weld pools, to physically wash away part of the fusion
zone and introduce it into the composite region of the weld metal.

The Schaeffler diagram (Figure 10) can provide a first approximation of the

~ effect of base metal dilution on martensite formation. For the alloy systems of
interest here, only 17% dilution of the filler alloy with the base metal will result
. in the formation of martensite. It should be recognized that 40% dilution is often
encountered under ordinary welding conditions, especially in the root pass. One

' alternative in resolving this problem, therefore, would be the use of higher alloy
_ filler metals such as 309, 310 or 312 that can tolerate more dilution because of
their more stable duplex austenite~-ferrite structure. For example, 312 weld metals
can tolerate approximately 45X dilution without forming martensite. The use of
these alloys in other than high dilution passes (such as the root and buttering
passes) is not recommended, however, since high ferrite coanteuts reduce the ductil-
ity of the duplex structure.

The elimination of martensite is not the only method of deterring HIC in aus-
tenitic weld deposits. It is often more economical to reduce HIC susceptibility by
‘reducing the available hydrogen coucentration in the welding arc. This reduction
_can ugually be attalned by using electrodes with low moisture contents, and is

- gemerally considered to be the preferred altermative.

_CONCLUSIONS

'fu!;ftﬂydrogen induced cracke have been identified in armor steel weldments fabricated
+. - with austenitic electrodes.

:}fﬁZ,;rHydrogen induced cracks may form in a well defined band of martensite located
: ?I,;between the fuoion boundary and the composite reglon of the weld uwetal.

?f;f3{1lerhenoite band formation is .due to the combined cffects of vigorous hydro-

- «dynamic forces, especially in large wolten weld pools, and the interdiffusion of -

{i}ﬁf[alloying eleuents 4a: that system forued between the haee wetal and the weld
- wetale y . v

f f4»‘fcrack1ng can -be effectively controlled by limiting base wotal dilution and
- .ninintzing the cancenerntion of svailable hydeogen in the welding are,

‘;'iS.; The use of higher alloy filler metdidmis is- récommended for: critical applica-
" tions, especially in the root pass.

?*'fﬁq}jﬂore economical fervitic Elller alloys shuuld he used uhanovet low hydrogen
‘»t{“;conditionu cdn be properly uatntained., : .
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Figure 1. Hydrogen induced crack located in the HAZ of an
armor steel weldment {150X).
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Figure 2. Schematic illustration showing the regions of a heterogencous weld,
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- Figure 3. Crack in weld metal adjacent to fusion boundary (37.5X),

' :Figute 4, Cuéiz propagating through & continuous band of martensite
in weld metal along fusion boundary (375)‘). Crack deviation was duc
10 multipass welding cmdmons.




I'-‘tgure 6. Crack in martensite band separated from fusion boundary.
by l thin uver of austenite (375X).

qu:e 6. D&conlmous band of martensite wimnt 10 me
~ -fusion boundary (376X). -




Figure 7. Reduced levels of dilution resuited in muunsite-free
: fusion bomdmes (376)0
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. 'Figiue 8. Hardness traverse taken across the weld tu‘iigm boundary.
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Fiqute 10, Schaettler diagram for estimating e microstiucture of stainkess steel weld metal,
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